Abstract This paper reports a particle accumulation driven by alternating-current electroosmosis (ACEO) in a microfluidic device with co-planar electrode. Accumulation processes of particles in single-and double-gap electrode device were investigated. The flow field of ACEO and flow-induced particle accumulation process were measured by the micron-resolution particle tracking velocimetry and fluorescent intensity analysis, respectively. Particles in a solution are concentrated gradually from an electrode edge close to gap at the entrance and converged into a certain location downstream. Contribution of ACEO to particle transportation and eventual accumulation was discussed, and dependences of experimental parameters on the accumulating position were evaluated as well. The particle concentration behavior can be classified into two types; one has similar accumulating characteristics in both gap patterns, the other is the case in which particles are concentrated at the center span of the channel. Consequently, it is indicated from the results in this study that an estimation of the particle concentration is possible in a device with more complicated electrode geometry based on that in the single-gap device. The particle focusing method by ACEO can contribute to an improvement of detection sensitivity in the microfluidic system. 
Nomenclature

Introduction
Due to considerable progress of microfabrication as typified by MEMS (micro electro mechanical systems) technology, micro and nano devices with specific functions have been remarkably developed to be applied in fields such as electronics (1) , optics (2) and energy (3) .
Utilization of fluidics in a microdevice, so-called microfluidics (4) , has received recent attention from its potentials in biochemical, medical and engineering applications (5) . The microfluidic platform has advantages such as (a) relatively rapid reaction, (b) minute consumption of samples, (c) potential for cost-effective and portable chip, and (d) availability of multi-functional integration within a device. An enhancement of detection or measurement for small particles dispersed in a solution is one of essential issues to be developed for finding the way of industrial applications, especially portable in-field sensing and point-of-care diagnostics (6) . A simple method to control the local concentration of particles to a specific area in a device enables an easy and cost-effective sensing. Electrokinetics, which refers to the coupling between electrical field and fluid or particles, is well-known phenomenon to transport particles in a solution in a microfluidic device. It is exploited because implementation of electronics into the device and integration with sensing units are relatively easy by fabrication processes established in the field of microelectronics. Electrophoresis, which induces a force acting on dispersed particles with surface charge in a solution under the influence of spatially uniform electric field, is mainly used for chemical analysis as in capillary electrophoresis (7) . Electrophoretic force directly acts on charged particles in an electrolyte and moves them along an applied electric field. Dielectrophoresis (DEP) is another available force for controlling particles in a microfluidic network. In DEP, polarizable particles are subjected to the force toward higher or lower electric field region, depending upon the sign of the polarizability difference between the particle and the bulk fluid. Particle collection driven by DEP can be achieved using a patterned electrode array (8) . However, electrophoretic and dielectrophoretic forces strongly depend on size and electrical properties of particles. This feature could be a disadvantage for the accurate control when samples have variety in sizes or properties. Since the particle transportation behavior is affected by the particle properties, the efficiency of particle control and eventual device performance are greatly influenced. In this study, alternating-current electroosmosis (ACEO), one of AC-based electrokinetic phenomena, is employed as the working force for controlling particles in a fluid. Since AC electrokinetics works with less applied voltage than DC electrokinetics, unexpected temperature rise in a fluid and damage on an electrode, device or reagent can be avoided. ACEO transports particles in a convection of the solution subjected to a nonuniform AC electric field, thus an efficient particle manipulation using the fluidic force independent of the particle properties is expected.
ACEO is a fluidic motion driven by the movement of ions in the electrical double layer (EDL) on the electrode subjected to the AC electric field. The charged ions form EDL in the vicinity of the electrode surface by electric field applied to the electrode. Since a tangential component of the electric field induces a force of the ions in EDL along the gradient, the fluid flow across the surface of the electrode is generated. The direction of the driving force for the fluid remains unaltered under periodically oscillating AC electric field. ACEO velocity v ACEO on the electrode at the position ζ, where the distance from the center of electrode gap, can be expressed under a linear coupling assumption as follows (9) :
where Ω is given by:
ACEO flow has a three-dimensional structure which conveys particles in the bulk fluid to the vicinity of the electrode with high electric field, and then to the region with lower electric field along the electrode surface. Moreover, in a certain condition, particles carried by ACEO accumulate on a specific location above the surface of the electrode. In relatively narrow electrode geometry, the particle trapping by ACEO occurs at the null point of the electric field (10) . Additionally, the effect of asymmetric-polarization ACEO for raising the flow velocity is reported (11) . In the present study, an in-line accumulation process of particles flowing in a microchannel with co-planar electrode, which had a gap placed parallel to the main flow, was investigated. Dependences of experimental parameters, velocity of the main flow in the channel, applied AC voltage and the frequency, on the accumulation phenomenon were also evaluated. Additionally, an electrode geometry with two gaps was designed for more efficient particle concentration. A pair of ACEO flow can transports and focuses particles in the double-gap device. Based on examination of the accumulation process on the double-gap electrode, classification of accumulation behaviors and criteria of efficient particle focusing were discussed.
Experimental setup
Microfluidic device
Overview of the microfluidic device used in this study is shown in Fig. 1 . It is composed of a polydimethylsiloxane (PDMS, SILPOT184, Dow Corning Toray) microchannel and a glass substrate with patterned co-planar electrode. The PDMS microchannel with 500 µm in width, 50 µm in height and 40 mm in length was fabricated by softlithography (12) , and placed on the electrode substrate. The electrode made of indium tin oxide (ITO) was fabricated by sputtering (Geomatec) and patterned by wet etching process. ITO film is highly transparent in the visible wavelength so that an optical measurement can be performed through the electrode and glass substrate from under the chip. In this study, two different electrode patterns shown in Fig. 2 were used. One has Fig. 1 (a) Top, (b) cross-sectional and (c) birds-eye view of microfluidic device for particle accumulation by ACEO. PDMS microchannel is placed on electrode-side surface of substrate single-gap pattern with a gap placed at the center of the channel ( Fig. 2 (a) ). The other, double-gap pattern shown in Fig. 2 (b), has two gaps near opposite walls of the channel. In both patterns, the width of the gap is 25 µm and precisely aligned parallel to the direction of the main flow. Different observation areas, EN, MID and EX in Fig. 2 , were used for detailed investigation of particle accumulation phenomenon. The process of particle accumulation was observed around the entrance region of the electrode (EN). Lateral transportation distance in spanwise direction was measured at the exit of the electrode (EX).
To avoid the influence of the electrode end in EX, an area 125 µm from the end was removed in analytical procedure. In intermediate area (MID), the velocity distribution of ACEO was measured because the effect of both ends of the electrode was negligible. The device structure including the electrode pattern was symmetrical with respect to the centerline of the channel, thus only the half area was observed.
Working fluid
KCl aqueous solution was used as the working fluid. Electrical conductivity of the solution was set at 3.4 or 10.4 mS/m by diluting 1 M KCl solution with ultrapure water (both from Wako Pure Chemical). For the measurement of ACEO velocity and the observation of transported particle by ACEO, fluorescent polystyrene particles with a diameter of 1.0 µm (FluoSpheres, Invitrogen) were seeded into the solution. Excitation and emission wavelengths of the fluorescent particle are 505 and 515 nm, respectively. In all the experiments, particles were uniformly dispersed without aggregation at initial condition upstream the electrode region. Figure 3 illustrates the schematic of the experimental system. Fluid flow in the microfluidic device was controlled by a syringe pump (PHD2000, Harvard Apparatus) with the velocity of the main flow ranging from 0. particles was collected by an objective lens, and coupled to a CCD (CoolSNAP ES2, Photometrics) or a CMOS (ORCA-Flash2.8, Hamamatsu Photonics) camera. For measuring the ACEO velocity, the micron-resolution particle tracking velocimetry (micro-PTV) technique was applied to the captured images.
Experimental system
The objective lens for the micro-PTV measurement has magnification of 40 and NA of 0.6. Although a liquid immersion lens with higher NA is suitable for the measurement with thinner depth of field, the device cannot allow the usage of the immersion lens because of thick substrate (0.7 mm) which is highly needed in the fabrication process. In the present study, the center of the focal plane was adjusted exactly on the electrode surface to avoid the thick measurement depth. Hence the effective measurement depth could become approximately half that in the normal measurement. The measurement depth for the standard micro-PTV was estimated 6 µm based on optical parameters of the objective lens and wavelength of collection (13) , thus this value could be about 3 µm above the electrode surface in our experiments. In order to evaluate the effective thickness of the measurement, spontaneous diffusive movement of particles was measured without flow. A comparison of the time-dependent displacement of suspended particles with the theory of hindered Brownian motion, in which particle motion close to a solid wall tend to be hydrodynamically restricted (14) , indicated that the effective depth of particle measurement in our experiments was 2 µm from the electrode surface. This value corresponds to the simple estimation of the decrease in the measurement depth. Additionally, another objective lens with low magnification (10x, NA 0.3) was used for the observation of the particle accumulating behavior including its process because of the wide field of view.
Micro-PTV measurement
The fluid flow in the microchannel is fully-developed laminar and time-independent in our experimental conditions. Assuming a stable flow field as measured data, approximately 3000 particle images were recorded for the micro-PTV measurement of the flow field induced by ACEO. A process of capturing 101 sequential images, in which each image had Fig. 3 Schematic of the experimental system. around 50 particles, with 45 fps was repeated 32 times. After noise reduction, particle positions were extracted by the template matching technique, with the Gaussian distribution as the particle template. In our PTV algorithm, the tracks of particles are determined by three successive images, which is a simplified version of the four time step PTV (15) . The algorithm was applied to every three images sharing the tail of previous set and the head of current set (1-3, 3-5, … , and 99-101). After the velocity data reduction for each particle, the interpolation of the actual particle positions to grid mesh points was performed due to its effectiveness in post-processing. In this study, the Gaussian distribution was used as the weighting function w(r) for the interpolation, presented as follows:
According to Agüí et al (16) , γ should be given by: Figure 4 shows a velocity field on the electrode surface under applying AC electric field and corresponding contour map of spanwise velocity in the single-gap device. A half of the field is shown in this figure due to the symmetry, as mentioned above. The spanwise component of the velocity is regarded as ACEO velocity field. The ACEO velocity has the largest magnitude near the electrode edge and decays as the distance from the gap is increased. The tangential flow of ACEO can transport suspended particles and results in concentrating them. Particles are transported along the electrode surface from the edge to the position where the driving force by ACEO on them becomes sufficiently weak. In the accumulation process of the particles by ACEO on the surface of the electrode, a pair of lines of concentrated particles was observed from the entrance to the end of the electrode Parameter dependence of ACEO flow is important to evaluate the accumulation point that is the converged spanwise position where the particles are highly concentrated. Figure 6 depicts the distribution of the ACEO velocity with different voltage and frequency, measured at MID location. Figure 6 shows voltage and frequency dependencies of ACEO velocity in the main flow of 0.2 mm/s. As for the voltage dependence shown in Fig. 6 (a) , ACEO velocity is increased and the spatial gradient of the velocity becomes steep with the increase of the voltage. On the other hand, the frequency dependence of ACEO velocity is reversed at y ~ 40 µm from the gap. Higher applied frequency induces the velocity with higher peak but shorter decay distance as indicated in Fig. 6 (b) . It was clarified in our previous study (17) that the dominant factor on the transportation distance of particles resulting in concentrating behavior was not the peak velocity but the spatial decay of the velocity at the further region. Fluorescent intensity distribution along the spanwise direction with a voltage of 3 V pp and frequency of 0.2, 0.6 and 1.0 kHz is shown in Fig. 7 . Here, large intensity at a location indicates that more particles are accumulated there. Under low frequency condition, particles tend to be transported further from the gap as expected from the velocity profile in Fig. 6 (b) , although the intensity shows a low peak value. Short transported distance and high peak intensity can be observed under the high frequency condition. This result indicates the contribution of ACEO velocity distribution on the concentration performance of particles; the spatial gradient contributes to the peak concentration and the magnitude of velocity at further region affects the transportation distance. It should be noted that integrals of fluorescent intensity in the spanwise direction show similar values in all the case in Fig. 7 . A converged distance of the particle accumulation was measured by an image analysis of the particle focusing line at EX. Figure 8 presents voltage and frequency dependences of the distance with different bulk speeds of the main flow, 0.1, 0.5 and 1.0 mm/s. The distance means the spanwise position having the peak fluorescent intensity in this figure. Higher bulk speed decreases the distance of the particle transportation. Additionally, the main flow velocity does not affect the dependences of voltage and frequency in applied electric field. The distance is increased when the voltage is higher and the frequency is lower. It should be emphasized that the accumulating position can be controlled by the applied electric field and the main flow. 
Results and discussion
Single-gap electrode
Double-gap electrode
On the double-gap electrode geometry, each gap induces opposite flow of ACEO facing each other. Therefore, particles are transported and accumulated from each gap toward the center of the electrode. The accumulation lines at different frequencies observed at EN are shown in Fig. 9 . Under the high frequency condition, the particle accumulation process generates a symmetric structure and results in two separated lines (Fig. 9 (a) ). Meanwhile, the lines of the accumulation merge at the center of the electrode under the low frequency condition as in Fig. 9 (b) . In the merged case at EX, a single highly concentrated line was confirmed.
A comparison of the accumulation lines obtained from single-and double-gap electrodes was carried out. In the separated condition as in Fig. 9 (a) , both electrode cases indicate similar accumulation line. Figure 10 shows accumulation lines under the same experimental condition using single-and double-gap electrodes. Figure 11 indicates the lines on each electrode pattern under the merged condition. The lines clearly show different concentrating processes depending on electrical parameters. The accumulation lines of the single-gap electrode strongly depended on the applied frequency ( Fig. 11 (a) ), while no frequency dependence was obtained in the double-gap electrode ( Fig. 11 (b) ). These results indicate that particles tend to accumulate at a stagnation point formed by the opposed ACEO flow, which is equal to the center of the wide electrode in this case. It is interesting that the velocity profile in the double-gap has no frequency dependence only in merged condition (18) . This could be attributed to an interference of electric field from both gaps.
Furthermore, the relation of the accumulation point on the single-gap electrode to the merged condition on the double-gap electrode was evaluated. The distances from the edge of the electrode to the accumulation point in both electrode types, measured at EX location, are indicated in Fig. 12 . At frequency over 1 kHz, both types generate the separated accumulation line and the distances in both types are well agreed. The double-gap electrode device shows a specific value in the distances with the frequency less than 1 kHz, which is the stagnation point of facing ACEO flow. The symmetric accumulation lines are merged when the distance in the single-gap device is larger than half width of the center electrode in the double-gap device. Consequently, the particle accumulation on the double-gap electrode is classified into two patterns, (i) separated and (ii) merged conditions shown in Fig. 12 . In the region (i), the accumulation process can be directly estimated by the process in the single-gap device. On the other hand, in the region (ii), the accumulation lines from each gap coalesce into a single line at the electrode center. This classification is useful to design an electrode geometry for a particle focusing device because the concentrating performance can be estimated by data obtained from the single-gap device which has the simplest geometry and provides easy experiments. Note that a clear merged accumulation line with high signal-to-noise ratio can be obtained in the double-gap electrode device even under the low frequency condition where only blurred concentrating line is attained in the single-gap case. Highly concentrated accumulations of particles are available in both regions in the double-gap device rather than the single-gap one.
(i) (ii) S.P. Fig. 12 Converged distance of particle accumulation behavior in single-and double-gap electrode geometries. At higher frequency, region (i), both types indicate similar accumulation distance, whereas at lower frequency than 1 kHz, region (ii), double-gap type shows particle focusing at the stagnation point. 
Conclusions
An accumulation process of particles by alternating-current electroosmosis, ACEO, in a microfluidic device was investigated. The process at an entrance of electrode array depends on voltage and frequency of the applied AC electric field, and the velocity of the main flow. In the double-gap electrode device, particles suspended in a solution are highly concentrated at the center span of the channel where the opposed ACEO flow from each electrode gap near the sidewall of the channel stagnates. The accumulation process on the single-gap electrode is applicable to estimate the process in the double-gap device. A classification of focusing behavior which describes difference and similarity between single-and double-gap electrode devices indicates that more advanced device with complex electrode geometry can be designed on the basis of the knowledge from the single-gap device.
